Multiple molecular architectures of the eye lens chaperone αB-crystallin elucidated by a triple hybrid approach The molecular chaperone αB-crystallin, the major player in maintaining the transparency of the eye lens, prevents stress-damaged and aging lens proteins from aggregation. In nonlenticular cells, it is involved in various neurological diseases, diabetes, and cancer. Given its structural plasticity and dynamics, structure analysis of αB-crystallin presented hitherto a formidable challenge. Here we present a pseudoatomic model of a 24-meric αB-crystallin assembly obtained by a triple hybrid approach combining data from cryoelectron microscopy, NMR spectroscopy, and structural modeling. The model, confirmed by cross-linking and mass spectrometry, shows that the subunits interact within the oligomer in different, defined conformations. We further present the molecular architectures of additional well-defined αB-crystallin assemblies with larger or smaller numbers of subunits, provide the mechanism how "heterogeneity" is achieved by a small set of defined structural variations, and analyze the factors modulating the oligomer equilibrium of αB-crystallin and thus its chaperone activity.
T he most prominent member of the small heat-shock protein (sHsp) family, α-crystallin, is expressed at high concentrations in the vertebrate eye lens (1) where it plays a major role in maintaining lens transparency (2) . Moreover, it protects lens epithelial cells from environmental stress by preventing aggregation of stress-damaged proteins (3) . In the low protein turnover milieu of the eye lens, proteins gradually deteriorate throughout the lifespan due to posttranslational modifications and become increasingly prone to aggregation leading to opacity. Thus, the chaperone action of α-crystallin is vital for maintaining the eye lens transparency. Lenticular α-crystallin is composed of two homologous polypeptides, αA-and αB-crystallin, which comprise 173 and 175 amino acid residues, respectively (1, 4) . Both proteins possess a three-domain organization consisting of the α-crystallin domain (ACD), a consensus sequence of approximately 90 amino acids common to all sHsps, flanked by a diverse N-terminal region and a moderately conserved C-terminal extension (5, 6) .
Of the two constituents of α-crystallin, αB-crystallin is the more widespread chaperone with versatile functions: Besides the eye lens, it is abundantly expressed in other tissues (7) and upregulated by various stresses (8) . There is growing evidence for its implications in several neuropathological diseases (9) including Parkinson disease, Alzheimer's disease, and multiple sclerosis (10, 11) as well as in cancer (12) . In vitro, αB-crystallin prevents the stress-induced aggregation of partially folded polypeptides (3, 13) .
The αB-crystallin assembles into homooligomers with a variable number of subunits, primarily 24-32 (14-16) , and the subunits exchange between homooligomers (17). These properties have hampered high-resolution structural studies on the functionally assembled, full-length protein. An earlier cryoelectron microscopy (cryo-EM) study (18) presented at low resolution (36 Å) a 32-meric assembly as an asymmetric structure with a large central cavity and suggested the presence of multiple assemblies of highly variable quaternary structures. In our previous work on human recombinant αB-crystallin utilizing negative stain-EM, we characterized the 3D structure of the dominant 24-mer (13) . The 3D model at 20-Å resolution disclosed a spherical, symmetric protein shell with fenestrations, an architecture similar to other sHsps (19, 20) . Crystallographic and NMR studies on truncated forms of human αB-crystallin (21-23) as well as on the full-length protein (23) revealed the structures of ACD dimers, their pHdependent architectures, and gave hints on intersubunit interactions. A recent study (24) suggested an atomic-level model of a full-length αB-crystallin 24-mer based on data from NMR, small angle X-ray scattering, and on our negative stain-EM model (13) . Nevertheless, due to the insufficient accuracy of the protein envelope obtained from negative stain-EM, which per se reflects only molecular surfaces accessible to stain and lack internal structural information, the full assembly pattern remained speculative.
Here we present a pseudoatomic model of the full-length αB-crystallin 24-mer obtained by cryo-EM together with structural modeling and validated by cross-linking/mass spectrometry studies. Based on the molecular architectures of the 24-mer and additional well-defined oligomers, we provide the assembly principles of αB-crystallin and the mechanism how heterogeneity is achieved only by a few structural variations. We further analyze the factors modulating the oligomer equilibrium of αB-crystallin and thus its chaperone activity.
Results and Discussion
Structure of the αB-Crystallin 24-mer. On cryo-EM micrographs, αB-crystallin oligomers showed size and structural variability (Fig. S1 ). Upon an initial single particle analysis, approximately 30% of the whole dataset were assigned to 24-meric αB-crystallin and were used to calculate several 3D reconstructions (Fig. S2 ) (for details see SI Materials and Methods) which finally yielded a 3D model for the 24-mer at 9.4-Å resolution (Fig. 1) .
According to the reconstructed EM volume, which is reminiscent of the one obtained from negatively stained single particles (13), the αB-crystallin 24-mer is a hollow, spherical complex of approximately 13.5-nm diameter (Fig. 1A) . The protein envelope, in which the subunits are arranged according to tetrahedral symmetry, varies in thickness from 1.5 to 4.0 nm. The central cavity is accessible through narrow and elongate openings at positions of the twofold symmetry axes (Fig. 1A , Left) and almost round ones at one of the two areas where a threefold symmetry axis intercepts the protein shell ("open" threefold area, 3 o ) (Fig. 1A, Center) . The area around 3 o has a pronounced relief where three "domes" run together. Most notable, however, is the distinct mass accumulation at the position of the opposite intercept of the threefold axis ("closed" threefold area, 3 c ) (Fig. 1A, Right) , a key structure element which was not visible in the reconstruction from negatively stained particles (13) . Within this area, several relatively straight rods of densities corresponding to α-helical segments of the structure are clearly distinguishable (Fig. 1D) .
The improvement in resolution allowed us to generate a pseudoatomic model of the 24-mer by a triple hybrid approach in which the structure of the ACD from NMR (23) and our predicted structures of C and N termini in their entire lengths (Fig. S3) were integrated into the cryo-EM density map (Fig. 1C) . During docking, only the constraints given by the EM envelope and interactions seen by NMR (23) were taken into account. The cross-correlation coefficient of the fit at the attained resolution was 0.83, indicating an excellent agreement between the density map and the fitted structure.
In order to assess the validity of our model and to determine the actual intra-and intermolecular spatial proximities of residues, especially in the N-and C-terminal domains of αB-crystallin, we applied cross-linking in conjunction with mass spectrometry (25, 26) . Using bis[sulfosuccinimidyl]suberate (BS3) as a cross-linker that mainly targets primary amino groups of lysine side chains and the protein N termini but also hydroxyl groups of serine and threonine side chains (Fig. S4A ), we were able to identify several intra-and intermolecular cross-links (Fig. S4C) . The distances extracted from the model between cross-linked residue pairs all turned out to be below the upper distance limit of 27.4 Å dictated by the cross-linker and indicated the overall validity of the proposed pseudoatomic model for αB-crystallin 24-mer.
Our model reveals that the recurring unit of the 24-mer is a hexameric substructure around the area 3 o in which αB-crystallin monomers are arranged in an alternating pattern of two interrelated conformations ( Fig. 2A ) (see also SI Materials and Methods). In one conformer, the ACD and N-terminal region enclose an angle of 55°giving the monomer a bent shape ("bent monomer," M b ) and setting its N and C termini at opposite ends ( Fig. 2B and Fig. S3 ). In the other conformer ("extended monomer," M e ), they are arranged almost linearly, allowing intramolecular interactions between N and C termini ( Fig. 2B and Fig. S3 ) as also evidenced in the observed intramolecular crosslinks ( Fig. 2C and Fig. S4 ). The orientation of the N terminus in M b is mainly determined by a turn comprising residues E71-R74, which reverses the direction of the polypeptide chain by 145°as compared to that in M e (Fig. 2D ). The C terminus of M b extends at its extremity (R163-K175) into the dome (Fig. 2B ) and is fully solvent-exposed. This observation is in agreement with the results from fluorescence quenching experiments where the lucifer yellow-labeled cysteine variant A172C showed the highest accessibility for the quencher (Fig. S5A) . The ample electron density in this area suggests considerable flexibility of the very C-terminal residues in agreement with previous NMR observations (27) . The very C terminus of M e points toward the twofold symmetry axis and is involved in intramolecular contacts to the N-terminal region ( Fig. 2 B and C) .
The model also reveals two types of dimers in the oligomer, which differ in their intersubunit contacts relevant for the stabilization of the hexameric unit. In the type I dimer (DI) (Fig. 2B) , M e and M b interact through their β6 þ 7 strands within ACDs as previously described (23) . The dimer interface is localized in the cleft between the two domes surrounding 3 o and covers an area of approximately 860 Å 2 (Fig. 2B) . The concave surface of the curved dimer interface with a network of ionic interactions faces the opening at the area 3 o (Fig. 3A) . In the type II dimer (DII) (Fig. 2E) , the interface consists of several patches collectively forming an interface surface area of approximately 2;700 Å 2 where different domains contribute to subunit interactions. Within the ACD, β4 strands of M e and M b align at their edges in an antiparallel fashion and form also a curved surface containing charged amino acid residues facing the opening at 3 o (Fig. 3B) . Both conformers further interact through the binding of their IXI motifs (I159-P160-I161) to the hydrophobic groove formed by the β4-and β8-strands of the other monomer (23, 28) (Fig. 3B) . In addition, hydrophobic interactions between N-terminal domains of both conformers as well as electrostatic interactions between the C terminus of M e and the N-terminal segment R56-D62 of M b contribute to dimer formation (Fig. 3C) . The extensive involvement of the C-terminal extension in intersubunit interactions is in line with studies on truncation mutants of αA-and αB-crystallin which show that the cleavage of more than 10 C-terminal residues results in a decrease in the oligomer size (29) . According to our model, the association of the hexameric substructures in the 24-mer is mediated via interactions of the N termini of three type II dimers at the area 3 c (Fig. 3D) . The N termini do not point toward the interior of the oligomer, as proposed recently (24) , because this would give rise to an additional density within the cavity, which is definitely absent in the cryo-EM map. The close coincidence of the predicted N-terminal α-helices in our energy-minimized model with the rods of densities observed in the cryo-EM map (Fig. 1D) , as well as the intermolecular linkage of N-terminal methionins (M1) evidencing their close proximity (Fig. 3E and Fig. S4 ) further support the structure prediction for the N-terminal regions as well as their locations, especially as no constraints were applied in this respect during docking. Nevertheless, as the pseudoatomic model is based on an averaged 3D density, a certain degree of N-terminal flexibility cannot be ruled out.
The predicted interactions between N termini at the hexameric interface are mediated by side chains of loop regions and possibly involve solvent molecules that fill cavities and voids at the interface. The core of the interface is dominated by hydrophobic residues, whereas the rim region contains an excess of negatively charged residues. The three major phosphorylation sites of αB-crystallin in vivo (30)-S19, S45, and S59-are all located within the area of hexamer contacts and have different accessibilities (Fig. 3F) . Whereas S59 from both conformers and S19 of M e are distributed peripherally on the surface of the 24-mer, S19 from M b faces the interior (Fig. 3F) . Most intriguingly, however, S45 residues from M e and M b form a dimeric interface patch (Fig. 3C ) and three such patches arrange in a cluster buried inside the structure (Fig. 3F) . The exposure of S45 residues would thus require at least the disruption of this dimeric patch and/or disruption of N-terminal interactions, which promote the association of hexamers into the higher-order oligomer. The replacement of S19 and S59 residues by negatively charged amino acids in phosphorylation-mimicking mutants is not very likely to perturb the integrity of the oligomer because they are in close proximity of positively charged residues. In contrast, substitution of S45 by negatively charged residues could destabilize the dimeric interface patch, and hence compromise interactions in the oligomer.
The αB-crystallin 24-mer does not possess large hydrophobic patches on its surface, which could act as binding sites for substrate proteins. There are small hydrophobic patches on the interior wall, however, these are not readily accessible in the oligomer. Notably, both αB-crystallin conformers harbor hydrophobic pockets or patches buried at their DII interfaces (Fig. 4) . One such pocket within M e encompasses parts of the segments 73-92 and 131-141. Both segments are implicated in substrate binding (31) and contribute to the hydrophobic groove that hosts the IXI motif of the neighboring monomer (23, 28) (Fig. 4A) . One further hydrophobic pocket is formed by I10 and several residues within the N-terminal segment 44-55, which were suggested to be involved in binding of completely unfolded proteins (32) . A third pocket is formed by the N-terminal residues 3-5 together with hydrophobic residues of the C-terminal segment encompassing residues 152-171 (Fig. 4A ), which were shown to be protected from proteolysis in the presence of a substrate protein (33) . In a similar manner, M b hosts at the DII interface the hydrophobic β4/β8 groove and the conserved N-terminal phenylalanine-rich region, which was suggested to be essential for chaperone-like Fig. 2B ). Positively and negatively charged residues of the β5 and β6 þ 7 strands are shown in blue and red, respectively. (B) DII interface patch formed by the ACDs of both conformers (area 1 in Fig. 2E ). Charged residues of the β4 and β5 strands and segments of both protomers containing the IXI motifs are shown. (C) DII interface patch encompassing the N-and Cterminal domains of both conformers (area 2 in Fig. 2E ). S45 residues of both conformers are shown as spheres in dark blue. The C terminus of the extended monomer is colored yellow. activity (34) (Fig. 4B) . A third hydrophobic stretch contains hydrophobic residues at the very N terminus that were identified as a potential target protein binding site protected from proteolysis by the bound substrate (33) (Fig. 4B) . All described patches become exposed only upon removal of subunits from the 24-mer.
αB-Crystallin Heterogeneity. In the course of 3D reconstruction, we identified asymmetric complexes with varying levels of mass at and close to the 3 c areas (Fig. S6A ) which constitute the hexamer assembly sites accommodating the N termini of three type II dimers. Random 3D reconstructions with imposed C1 symmetry of such images revealed species with substantial variances in the connectivities between the hexamers ranging up to their complete loss (Fig. S6D ). These species presumably represent individual conformations adopted by the 24-mer during a process, in which type II dimers disconnect concomitant with the detachment of hexamers. The results further suggest that αB-crystallin hexamers exist in solution as intermediate assemblies, which is in accord with the observation that an αB-crystallin truncation mutant consisting of residues 68-162 forms also hexameric species (22) . Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiments show that, in the presence of destabilizing concentrations of guanidine chloride (GdnCl), smaller oligomeric assemblies (e.g., dimers, hexamers, and 12-mers) exist (Fig. S5B) . These species, presumably present at low abundance in the dynamic oligomer equilibrium under native conditions, seem to become more populated upon the addition of the denaturant.
The presence of hexameric species in solution along with images having dimensions incompatible with the 24-mer prompted us to analyze the cryo-EM data for other oligomers composed of multiples of hexamers. We therefore constructed hypothetical models for 12-, 18-, 36-, and 48-mers with hexameric units as building blocks (n × 6-mers) (Fig. S6E ) and used them as initial references to roughly separate the entire data into three subsets. The data subsets covered particles with dimensions (i) smaller or (ii) larger than and (iii) comparable to the dimensions of the 24-mer (Fig. S7) . Four-dimensional projection matching cycles within the first two subsets clearly resolved 12-mers in two conformations, as well as 36-and 48-mers (Fig. 5) . In the case of 18-mer, however, the reconstructed volume showed an additional density connecting two 3 c areas in the 24-mer (Fig. S6F) . This density matched perfectly with the density of a dimer consisting of two extended monomers (Fig. S6G) . Thus, we concluded that the 3D reconstruction corresponded in fact to a 20-mer built of three hexamers and one additional dimeric building block (18-mer þ 1 × 2-mer). Based on this observation, we constructed further models of multiples of hexamers complemented with a varying number of dimers each bridging two 3 c areas (n × 6-mers þ n × 2-mers). This association was also suggested based on interactions seen in NMR spectra (24) , which are fulfilled in our models as well. Because a variance analysis of the reconstructions gave indications for missing masses, we also built 24-mer models lacking different types of dimers (DI, DII) or monomers (bent, extended) as well as a 24-mer model imitating hexamer detachment/attachment. Four-dimensional projection matching iterations using all these models as initial references allowed us to unambiguously assign 80% of the particles of the entire cryo-EM data to distinct oligomer populations and to calculate their respective 3D reconstructions (Fig. 5) . According to our analysis, most of the αB-crystallin oligomers share the remarkably conserved modular architecture of the 24-mer and are built of almost spherical protein shells that enclose a central cavity. Although some of the oligomers show little structural variations presumably representing "robust," less-flexible assembly forms under the given conditions (e.g., 12-mers), others are less populated and less well-structured (e.g., 48-mer), as also indicated by the resolutions of the 3D reconstructions (Table S1) .
Within the detection limits of cryo-EM and under our experimental conditions, the dominant species contain even numbers of subunits, consistent with previous results from mass spectrometry (14, 16) . The distribution of the oligomer masses derived from the analysis of the initial three data subsets suggests at first sight that oligomers with 24 subunits are clearly favored, followed by such with 18 and 12 subunits (Fig. 5D) . The mean molecular mass of approximately 466 kDa (ca. 24 subunits, monomeric mass 20.2 kDa) matches well with the value of approximately 475 kDa, which was previously determined by analytical size exclusion chromatography and interpreted as an indication for the predominance of 24-mers in αB-crystallin preparations as well as for their low polydispersity (13) . In fact, however, as our detailed analysis here shows, also other oligomers (22-, 23-, 26-mers, etc.) account for the observed mean molecular mass (Fig. 5E ). As most of the oligomers possess an almost spherical structure and differ in their dimensions only marginally ( Fig. 5 and Table S1 ), their hydrodynamic parameters (e.g., Stokes radii and sedimentation coefficients estimated from the reconstructed EM volumes) appear also very similar (Table S1 ). This similarity complicates, even prevents their discrimination by dynamic light scattering or AUC, especially when some of the oligomers are present in the ensemble at low abundance.
Our findings suggest that the overall properties of αB-crystallin are dictated by the relative frequencies of different oligomer ensembles. For example, in vitro and in vivo, most of the phosphorylated forms of αB-crystallin are modified at one or two serine residues (30) . In this context, the locations of the three serine residues in our models are highly interesting because they show different accessibilities for kinases in all higher-order oligomers in which the N-terminal domains are engaged in intermolecular contacts. This situation implies, also in the context of polydisperse ensemble of oligomers, unequal levels of phosphorylation at the three serine residues, which is in tune with the reported observations (30) .
Higher-order αB-crystallin oligomers, in which the potential substrate-binding sites are engaged in intersubunit interactions, are likely to represent dormant storage forms. On the other hand, oligomers lacking subunits and thus exposing hydrophobic patches might contribute, together with dissociated αB-crystallin "building blocks," to the pool of "binding-competent" species. The transition of αB-crystallin from a low-to a high-affinity state presumably occurs through a remodeling of the ensemble composition by adjusting the dissociation/association rates of building blocks, determining the oligomer equilibrium according to the needs of the cell. Conditions that destabilize oligomer interfaces and lead to an enhanced rate of dissociation of subunits would raise populations of oligomers with higher binding capacity and thus increase the chaperone activity. However, an oversupply of such binding-competent oligomers could violate this delicate balance and favor aggregation or coaggregation with the client proteins. This hypothesis is coherent with in vitro studies on αB-crystallin phosphorylation-mimicking mutants which show reduced oligomer sizes, a loss of the preference for oligomers with an even number of subunits (15, 35) , increased subunit exchange (36) , and enhanced or even aberrant chaperone activity, depending on whether one, two, or all three serine residues are mutated (15, 35) . It remains to be determined whether the emerging concept of modulating the activity of αB-crystallin by addition or subtraction of subunits from an oligomeric complex is a general phenomenon of sHsps.
In vivo, the overall activity of αB-crystallin is modulated by posttranslational modifications and/or naturally occurring mutations that presumably control its oligomeric status, and thus, its binding capacity. Myopathy-associated natural mutants of human αB-crystallin, R120G and Q151X, both hyperphosphorylated, show abnormal aggregation, abnormal intracellular distribution, and increased affinity for cytoskeletal components (37) . In R120G, which is linked to cataract and desmin-related myopathy (38, 39) , the loss of critical charge interactions leads to impaired stabilization of the DI interface (23, 40) concomitant with a conformational change within the interface (41), which is, according to our model, incompatible with the requirements for a proper higher-oligomer assembly. This destabilization enhances the subunit dynamics driving the dissociation of monomers or dimers (40) , maladjusts the oligomer equilibrium toward an excess of assemblies with dramatically increased substrate affinity, and results in formation of insoluble coaggregates with client proteins (42) .
Taken together, the excellent agreement with a plethora of experimental studies in the literature validates our structure models for αB-crystallin oligomers, which may serve as a platform for further studies to understand the modulation of its oligomer equilibrium and its consequences in the context of posttranslational modifications or disease-causing mutations in vivo.
Materials and Methods
Cloning and Protein Purification. Human αB-crystallin cysteine mutants were cloned by site-directed mutagenesis using primers bearing the respective mutation. Wild-type and mutant proteins were expressed and purified as described previously (13) . The molecular masses were confirmed by MALDI-TOF mass spectrometry.
Fluorescence Quenching. Fluorescence quenching was applied to assess the accessibilities of different domains in human αB-crystallin cysteine mutants, A4C, S115C, and A172C, which were labeled with lucifer yellow iodoacetamide (LYI) (excitation wavelength 425 nm, detection wavelength 530 nm). Fluorescence was monitored in a 1.5 mL stirred cuvette with a fluorescence spectrometer (SPEX FluoroMax 1; Jobin Yvon). Quenching of LYI fluorescence was attained by stepwise addition of a 5 M sodium iodide quenching solution in PBS containing 100 mM sodium thiosulfate. The dynamic quenching constant, K SV , was derived from linear fitting of Stern-Volmer plots (F 0 ∕F vs.
[Q]). Linear curve fits were obtained via the Stern-Volmer equation using ORIGIN software:
with F 0 and F, fluorescence intensities in the absence and presence of quencher, respectively; K SV , quenching constant (M −1 ), and [Q], concentration of quencher (M).
Analytical Ultracentrifugation. Analytical ultracentrifugation was carried out in a Beckman XL-A ultracentrifuge with a UV detection system (Beckman Coulter). For SV measurements, 450 μL of the sample (protein concentration 40 μM) and 460 μL of the reference buffer were loaded into sector-shaped double-channel centerpieces and spun at 64;000 × g at 20°C. Scans were recorded continuously at 280 nm. Data analysis was carried out by the continuous C(s) distribution method with time-and radial-invariant noise fitting using the SEDFIT software (43) . The partial specific volume, buffer viscosity, and density were calculated for the applied concentrations of GdnCl.
Cross-Linking and Mass Spectrometry. Cross-linking experiments were carried out using BS3 as cross-linker. The reaction mixtures were separated into a monomer and two oligomer bands by gel electrophoresis and trypsin digested (44) . Cross-linked peptides were fractionated (45) , desalted (46) , and analyzed on a LTQ Orbitrap Velos (Thermo Fisher Scientific) mass spectrometer (26) . The data were processed using MaxQuant (47) and in-house Xi software. For details, see SI Materials and Methods.
Electron Microscopy. For cryo-EM, 3 μL of protein solution (0.25 mg∕mL) were applied onto glow-discharged holey carbon grids, incubated for 10 s, and plunge-frozen in liquid ethane upon blotting away the excess solution.
Micrographs were recorded under low-dose conditions (approximately 10e − ∕Å 2 ) and at a calibrated magnification of 47,000× using a JEOL JEM 2011 transmission electron microscope operated at 120 kV. For image processing, micrographs were selected by their power spectra (33 in total) and digitized at a step size of 8.47 μm using a Flextight X5 array scanner, resulting in a pixel size of 1.8 Å at the specimen level.
Image Processing. Well-separated particle images were semimanually selected and extracted into boxes using "Boxer" from the EMAN software package (48) which was also used to determine the defoci and to correct the contrast transfer function. The defocus values of the micrographs ranged between 0.6 and 1.5 μm. All further procedures were carried out within the IMAGIC suite. For image processing, single particle images were bandpass filtered (0.5-19 nm), translationally aligned, and subjected to multivariate statistical analysis and classification. Three-dimensional reconstructions were calculated using random model reconstruction and projection matching algorithms. For details, see SI Materials and Methods.
Secondary Structure Prediction and Structural Modeling. Secondary structure analysis and structural modeling of αB-crystallin N-and C-terminal domains were performed using protein structure prediction servers PHYRE and I-TASSER. For details, see SI Materials and Methods.
Model
Building. An initial model for full-length αB-crystallin was constructed by connecting the predicted structures of N-and C termini in their entire length to the structure of α-crystallin domain (23) at their respective positions using interactive modeling in CHIMERA. The pseudoatomic model of the symmetric αB-crystallin 24-mer was built by iterative docking and energy minimization cycles using the program package AMBER. For details, see SI Materials and Methods.
Hydrodynamic Simulations. Hydrodynamic parameters (e.g., Stokes radii), sedimentation coefficients of αB-crystallin oligomers were estimated by hydrodynamic simulations conducted within the software package HYDRO-MIC (49) using 3D reconstructions as input.
